1. The aggregation model of coexistence states that intraspecific aggregation over patches stabilizes species coexistence and allows high diversity in patchy systems.The model is reviewed, with emphasis on the methods of analysis of aggregation data.
C). The model predicted that coexistence would be the rule rather than the exception for realistic patterns of aggregation (see also Shorrocks et al. 1984; Rosewell et al. 1990 ).
In many animal species, the variance V of the distribution over patches is related to the mean density m as V = amb, where a and b are constants (Taylor 1961; Taylor, Woiwood & Perry 1978 . This density dependence of aggregation was incorporated into the model and did not change the conclusions (Atkinson & Shorrocks 1981; ).
Positive associations between species counteract the facilitating effect of aggregation on coexistence. Shorrocks & Rosewell (1987) and found that a realistic degree of association did not alter the predictions of the aggregation model. While suggested that associations are essentially random, Sevenster (1992) , Sevenster & Van Alphen (1996) and M.J. Toda (personal communication) found that associations are consistent between years, and thus should be regarded as real phenomena. Ives & May (1985) and Ives (1988a Ives ( , 1988b Ives ( , 1991 developed an analytical version of the aggregation model. They concluded that Atkinson & Shorrocks' (1981) results are robust. Ives (1988a) refined the conclusions of the model, stating that coexistence is facilitated as long as intraspecific aggregation exceeds interspecific aggregation (i.e. positive association), but that a strong association between species depresses population growth rates and therefore increases the system's vulnerability to perturbations. In general, observed associations are too weak to prevent coexistence ; but see Jaenike & James 1991) . Hanski (1981) and De Jong (1982) each developed yet further models describing how spatial aggregation facilitates coexistence of ecologically similar forms in patchy environments. In this paper, I extend Hanski's approach when discussing the methods of analysis of aggregation data.
THE GUILD MODEL
The models described so far involve only two competing species. Atkinson & Shorrocks (1981) and Shorrocks et al. (1984) claimed that the facilitating effect of aggregation on coexistence accounts for the high diversity of invertebrate faunas on patchy resources such as dung, carrion and fruits. This idea was supported by a 'guild model' predicting the number of species that can coexist without resource partitioning (Shorrocks & Rosewell 1986 , 1987 . The model calculated the aggregation parameter k of the NBD and the competition coefficient a of the combined species present in a simulated guild, and then determined whether an additional species with k and a randomly drawn from empirical distributions could invade. This procedure was repeated until a failed. The modal simulated guild size in when the size of the patches decreased, (ii) fecundity parameter increased, and (iii) w petition became more scramble-like. Th poration of a realistic degree of associati species reduced the predicted guild size o ). Shorrocks & Rosewell (1986 , 1987 The modal guild size of five to six species by Shorrocks & Rosewell (1986) is less t observed modal size of seven species, while predicted by Shorrocks & Rosewell (1987) were slightly larger than the observed guilds. This difference was caused by an improvement in the calculation of k of the NBD for the combined resident species. The agreement of the predicted and observed guild sizes is quite convincing. Nevertheless, some aspects of the guild model could lead to biases in the predicted guild sizes (see Discussion).
MECHANISM OF AGGREGATION
While the degree of aggregation found in tems seems able to explain the coexistence o competitors, the mechanism leading to t gation is the subject of some debate (Gr 1988; Shorrocks & Rosewell 1988; Ives 198 Atkinson & Shorrocks (1984) suggested tha gated distribution of eggs could, in princ from heterogeneous Poisson sampling when sites are not equally attractive, or when number of eggs laid per female varies, but these possibilities because they require unr strong variation in attractiveness and mean considered it m that aggregated distributions arise becau visit patches randomly, and leave patches w stant probability after laying each egg. I re hypothesis as the random-visits-random (RVRC) mechanism. Green (1986) and Ives (1988a Ives ( , 1991 Aggregation of ovipositing females is necessary for coexistence if clutch sizes are density-independent (Green 1986; Ives 1988a Ives , 1991 . Ives (1988b Ives ( , 1991 found evidence that differences between carcasses cause aggregation in female carrion flies. In nature, variation in quality and conspicuousness between patches should be the rule rather than the exception.
This will explain much of the aggregation of ovipositing females. The cues that competing species use to find and assess patches should differ at least partially, or otherwise the interspecific aggregation would be as strong as the intraspecific aggregation, and coexistence would not be stabilized. As soon as coexistence is facilitated by intraspecifically aggregated female visits, clutches of multiple eggs contribute greatly to coexistence by augmenting the variance (Ives & May 1985; Ives 1988a ).
The conclusions drawn from the simulation models (Atkinson & Shorrocks 1981 and following papers) remain valid because aggregation followed observed patterns of density dependence, as described by Tay 
Analysis of aggregation data
Here I examine the methods previously used to analyse aggregation data and suggest improvements to them. The symbols used are listed in Appendix A.
AGGREGATION
The degree of intraspecific aggregation is often expressed by the aggregation parameter k of the NBD fitted to the number of individuals per patch (e.g. Krebs 1989 ).
Intraspecific aggregation can also be quantified by means of J, the proportional increase in the average number of conspecifics encountered relative to a random distribution (Ives 1988b): En i(n,-1) (Sevenster & Van Alphen 1996) .
While the NBD and its parameter k can only describe discrete distributions, the concept of J can be modified to handle densities, which have a continuous distribution. I assume that the probability of an individual being in a certain patch is proportional to patch size for a random distribution. This is the relevant reference to an undivided environment, where the where ei is the size of patch i. Since J is dimensionless, patch size e can be expressed in any unit that is proportional to the 'carrying capacity' of the patch.
Two additional aspects of the quantification of intraspecific aggregation are discussed in the accompanying paper (Sevenster & Van Alphen 1996) : (i) the usual estimation of aggregation from data on emerged adults rather than from the distribution of eggs on which the aggregation model relies; (ii) the estimation of aggregation from data derived from samples collected at different times, a practice that easily overestimates aggregation if average densities Ives ( A further modification is needed because an invasibility analysis for a patchy environment should not ignore the density of a rare invading species. Secondly, I discuss Ives' (1988b Ives' ( , 1991 coexistence criterion and propose a simpler approach, leading to an improved persistence criterion. In a special case, this criterion is identical to the modified patch overlap criterion.
Thirdly, I explore the modifications of the new criterion that are needed if eggs are deposited in clutches for the case of equal patches.
In many of the papers on the aggregation model (e.g. Atkinson & Shorrocks 1981; Shorrocks et al. 1984; Ives & May 1985; Shorrocks & Rosewell 1986, 
6bxi = EniR (I_ nxi + axxylni eqn I
where Rx is the maximum per capita growth rate of species x; bxi, nxi and exi refer to the growth per unit time, the population size and the equilibrium population (i.e. 'carrying capacity') of species x on patch i.
Ax can be interpreted as dNx/dt or as Nx,,+ -Nxt; (i is interpreted analogously. Appendix C shows that Levins 1967; Levins 1968; Schoener 1974; Hurlbert 1978; Shorrocks et al. 1979 ). Appendix C shows that it is the correct 'competition coefficient' (sensu Schoener 1974) in a patchy environment.
The same approach shows that the equilibrium metapopulation E relates to the equilibrium patch population e as E -eqn 14 i2lei (Appendix C). For constant patch size, this is equi- In many insects exploiting patches of food, including Drosophila, competition is largely exploitative (e.g.
Bakker 1961
). Both the competition coefficient (xy and the equilibrium-population ratio exy should then equal the ratio of the per capita consumption of species y and x (but see Discussion is a first approximation of a sufficient condition for persistence of species x. Two important comments must be made concerning this.
First, contrary to the conclusion of Shorrocks et al. (1979) , it now is the relative per capita effect of species x on species y that determines whether species x will persist (equations 9 vs. 20). This result is counterintuitive. Note, however, that the denominator of Oyx (equations 12 and 13) increases when y is more aggregated, so that Oyx decreases. The more species y is aggregated, the more room is left for species x. Therefore, equation 20 agrees with the conclusions of the aggregation model (e.g. Atkinson & Shorrocks 1981) . Secondly, I have followed a standard invasibility analysis to derive a condition for persistence of species x. Positive growth was required for species x, while eqn 20 the density of species x was assumed to be so low that it could be ignored. This approach is valid in a very large population where the density of an invader is indeed negligible. In the present case, however, it suggests that any variation in density across patches stabilizes coexistence (equations 12, 13 and 20) , while the aggregation model states that aggregation is needed (e.g. Atkinson & Shorrocks 1981; Ives & May 1985; Ives 1991) . The cause of this discrepancy is that the density of a rare invader cannot be ignored in patches of limited size. Therefore, the condition for persistence of Shorrocks et al. (1979; equation Relative strength of intraspecific aggregation Ives (1988b Ives ( , 1991 assessed the stability of coexistence by comparing intraspecific aggregation J with interspecific aggregation C. Due to the details of female and larval competition in the carrion flies he studied, he could not obtain a condition for the persistence of one species, but (l +-J)(1 -+ J,) xyv yx < ) eqn 24 (I + Cx)2 could be derived as a condition for coexistence of species x and y (Ives 1991). Jaenike & James (1991) , Sevenster (1992) and Shorrocks & Sevenster (1995) used the right-hand side of this inequality, the relative strength of intraspecific aggregation (1 + J)( +J) Ives ' (1991) Green (1986) and Ives (1988a Ives ( , 1991 
Discussion
This review of the aggregation model of coexistence and discussion of the methods used to analyse data that bear on it shows that the analyses that were used previously can be improved considerably.
Aggregation
The density, rather than number, of competitors in a patch determines the level of competition. Therefore, the discrete negative binomial distribution is unsuitable to quantify aggregation when patches differ in size. The indices of intraspecific and interspecific aggregation, J and C, were modified to account for variable patch size. Hurlbert (1978) The relationship between the two quantities is simple:
Axy= 1/(TxyTy)2. Axy is only a necessary, not a sufficient condition for coexistence. Further advantages of Txy are discussed above and in the accompanying paper (Sevenster & Van Alphen 1996) .
An important simplifying assumption in the derivations in this paper is that the quotient of the competition coefficient, x,, and the 'equilibrium-population ratio', xy, equals unity (equations 17 and 19).
This assumption was justified by arguing that, in case of exploitation competition, both ocx and exy should be determined by per capita consumption of x and y.
This argument only holds if species have the same feeding period because, roughly, cxy is determined by the consumption rates, while equilibrium patch populations ex and ey are determined by the total consumption during development. My data on frugivorous Drosophila in Panama suggested that larval resource types are generally shared by species of similar developmental periods (Sevenster 1992) . If this
were not the case in a community where competition is common, species with long developmental times would often be left without food.
Since the geometric mean of E equals unity by definition (ey = 1/yx), the assumption of axyl/ey 1 implies that the geometric mean of a should also equal unity. The geometric mean of a found for Drosophila species in the laboratory is close to 1-5 (Shorrocks & Rosewell 1987 ), but it is unclear whether the experiments that underlie the empirical ocs were representative of the species combinations and the breeding substrates in the field. In general, competition coefficients larger than unity are unexpected because organisms should experience most competition from organisms with similar demands, and conspecifics are more similar than are heterospecifics. I suspect that interference competition (e.g. pupal drowning and the accumulation of toxic metabolites) has a disproportionate interspecific effect under laboratory conditions, inflating oa (Sevenster 1992) .
Obviously, the assumption of oxyl/xy = 1 has its limitations. It is needed to obtain a persistence criterion for one species. The use of the coexistence criterion Axy avoids this particular assumption, but invokes a similar one (,xyocyx = 1) unless the competition coefficients axy and oyx are actually known, which rarely is the case (cf. equations 24 and 25).
When samples are taken at various points in time,
Txy is likely to vary between them. If Txy ever exceeds unity, this suggests that species x cannot persist. In reality, however, a population may sustain an unfavourable period as long as it can compensate for its losses at other times. Hence, an interpretation of Tx that varies over time is needed. The long-term growth rate of a population is equal to the geometric mean growth rate over time (growth rate is defined here as Nt+, /N). Ives (1988a Ives ( , 1988b found that the population growth rate of an invading species declines linearly with increasing covariance between species.
All else being equal, this implies that the growth rate decreases linearly with increasing T and that it equals unity in the marginal case of T= 1. Given this relationship, the geometric mean growth rate can only be calculated if the unconstrained growth rate is known. This will rarely be the case. The unconstrained growth rate is not needed if the logarithmic growth rate is assumed to decrease linearly with increasing T. This approximation is close when T is around unity. The arithmetic mean T can then be used as a first approximation to assess the overall effect of a variable T.
The clutch-size issue
The clutch sizes required for a correct analysis of coexistence cannot be estimated reliably with Jaenike & James' (1991) method. Direct measurements of clutch sizes in the field are needed to resolve the clutchsize issue. Until these measurements are made, we will have to make do with educated guesses and/or rough approximations, which should be used to assess the sensitivity of the analysis to this lack of knowledge.
Large clutches, small patches and weak aggregation will increase the error caused by faulty estimates or assumptions of clutch sizes (equation 32).
Multiple species
Species do not usually compete in pairs. Instead, they face multiple potential competitors in the community simultaneously. In their guild model, Shorrocks & Rosewell (1986 , 1987 regarded all competitors of an invading species as one imaginary 'super-species'. I suggest that this method should also be followed when analysing aggregation data. The examination of the collection of pairwise Ty values of a species x may lead to false conclusions due to associations between the competing species: the less they are associated, the more difficult it becomes to persist in their presence.
Lumping all competing species avoids this problem, but it may violate the assumption of oxylExy 1 by assuming that each competing species may be weighted by some overall mean parameters. To what extent this assumption gives deviating results depends on the interspecific differences in consumption and on associations between species.
Predictions of guild size
One of the appealing properties of the aggregation model is that it predicts a precise distribution of guild sizes, which can be tested against empirical distributions. In general, the predictions are close to the empirical distributions for Drosophila (Shorrocks & Rosewell 1986 , 1987 see above) . There are, however, some aspects of the model that may lead to biased predictions of guild size. gation parameter k of the NBD to simulate aggregation over patches. As I have pointed out, k is not a good measure of aggregation when patches differ in size.
2. The competition coefficient a of the combined 'resident' species in the model is conservatively taken as the highest x of the species present. This will systematically make invasions more difficult, reducing the predicted guild size.
3. Shorrocks & Rosewell (1986 , 1987 Eventually, this situation changes. Strong competitors will have the best chances to invade, while highly aggregated invaders do not 'help themselves' (Atkinson & Shorrocks 1981) . Therefore, the com- The NBD fits the distribution of drosophilid patches ). The aggregatio Atkinson supposed that females randomly visit patches and leave them with a constant probability after laying each egg: the random-visitsrandom-clutches (RVRC) mechanism. The number of visits per patch would then be Poisson distributed, and clutch sizes would follow a negative exponential distribution, which is similar in shape to the logarithmic distribution. Therefore, they assumed that the negative binomial distribution of eggs is composed of Poisson distributed visits and logarithmically dis- The density dependence of aggregation often follows Taylor's (1961) power law, V = amb. Shorrocks & Rosewell (1986 , 1987 and Rosewell et al. (1990) confirmed the relationship for drosophilids. They found values of b about 1-5. The relation was incorporated into the aggregation model (Atkinson & Shorrocks 1981) .
The negative binomial distribution, the expressions for v and c, and Taylor's power law can be combined 
